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Abstract Measurements of density and viscosity for the
aqueous solutions of the nonionic surfactants, Triton X-114
and Tween 80, have been taken in the temperature range
T = 293–318 K at an interval of 5 K. On the basis of the
obtained results, various parameters have been calculated
and analyzed including concentration of surfactants in the
bulk phase and temperature, for example volume expan-
sivity and fractional free volume, which indicates that
water around the Tween 80 molecules is more loosely
bound than the Triton X-114. Moreover, it was proved that
depending on the temperature and concentration of studied
surfactants they can behave as a water structure breaker or
maker.
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Introduction
Separation methods based on cloud point extraction (CPE)
are practical application of surfactants in analytical
chemistry and have become an alternative to solvent
extraction. Compared with the conventional solvent
extraction, CPE uses surfactants and avoids utilizing a
large amount of expensive, toxic and flammable organic
solvents [1]. In the CPE process, nonionic surfactants are
used as an extractant, under suitable conditions (surfactant
concentration, salt additive, temperature and time), the
extraction occurs at a cloud point temperature where the
surfactant becomes cloudy (at a higher temperature than its
critical temperature) resulting in two-phase separation
involving the surfactant-rich phase (SRP) and the aqueous
phase (AQ) [2–4].
The nonionic surfactant Triton X-114 (TX114) is
widely used for CPE [5–8], and since Bordier [9] intro-
duced it for enrichment of membrane proteins, this
application has been useful in many studies. This is
because of low cloud point temperature of TX114 and
high density of the surfactant-rich phase as well as its low
commercial cost and lower toxicity. On the other hand,
nonionic surfactants belonging to the Tween series are
known for their assistance in separating such pollutants
such as hydrophobic organic compounds from water and
soils [10, 11]. Tweens are clear, non-odorous, readily
pourable liquids at room temperature. Their low toxicity
and acceptable degree of biodegradability are responsible
for their extensive utility. In addition, some authors claim
that Tween 80 surfactant exhibits lyotropic liquid crystal
properties at certain concentrations and temperature, when
dissolved in appropriate solvents [12, 13]. However, not
sufficient information is available in the literature on the
changes in the properties of aqueous solutions of Tween
80 with the temperature related to the macro-level and the
mechanism of interactions present in such system.
Therefore, for a better understanding of these properties
densities and viscosities of aqueous solutions of Tween 80
as well as TX114 have been measured. The temperature
of the experiment ranges from T = 293–318 K at an
interval of 5 K. Furthermore, various molecular interac-
tions in these solutions have been analyzed on the basis of




1 Department of Interfacial Phenomena, Faculty of Chemistry,
Maria Curie-Skłodowska University, Maria Curie-
Skłodowska Sq. 3, 20-031 Lublin, Poland
123
J Therm Anal Calorim (2016) 126:315–326
DOI 10.1007/s10973-016-5631-3
Experimental
Triton X-114 (TX114) and Tween 80 (purity greater than
99 %) were purchased from Sigma-Aldrich and used
without further purification. The aqueous solutions of the
mentioned surfactants were prepared in the concentration
range from 10-6 to 10-2 M using doubly distilled and
deionized water obtained from a Destamat Bi18E distiller.
The density of the aqueous solution of studied surfac-
tants was measured with a U-tube densitometer (DMA
5000 Anton Paar) in the temperature range 293–318 K.
The precision of the density and temperature measurements
given by the manufacturer is ±0.000005 g cm-3 and
±0.001 K. The uncertainty was calculated to be equal to
0.01 %. The densitometer was calibrated regularly with
distilled and deionized water.
All viscosity measurements of the aqueous solutions of
the studied surfactants were performed with the Anton Paar
viscometer (AMVn) at 293–318 K ± 0.01 K with the
precision of 0.0001 mPa s and the uncertainty 0.3 %.
Results and discussion
The increase in T of the sample liquid results in the volume
expansion causing more spacing between the molecules of
the surfactant leading to a less ordered structure due to the
decrease in the cohesive force between the molecules of the
samples [14]. For this reason, the density (q) of aqueous
solutions of the studied surfactants, Triton X-114 (TX114)
and Tween 80, decreases with the rise in T (Fig. 1 as an
example). This decreasing q is consistent with the
increasing tendency of the partial molar volume (VM) of
solutions (Fig. 2) at concentrations higher than the critical
micelle concentration (CMC) of studied surfactants deter-
mined at 293 K from the surface tension measurements
(e.g., 1.68 9 10-4 M for TX114 and 2.7 9 10-5 M,
1.6 9 10-5 M for Tween 80) [15–17]. So, loosening of the
molecular packing in the liquid with the rise of temperature
should be responsible for all structural changes. Apparent
molar volume, uV, is also a useful property for studying
structure interactions and micelle formation in surfactant
solution. This parameter provides an idea about the struc-
ture making or breaking role of the solute component in the
solution and is a sensitive function of solute–solvent and
solute–cosolute interactions [18]. The dependency of uV
values on temperature and concentration of TX114 and
Tween 80 higher than their CMC is evident from Figs. 3
and 4 (as an example). The increase in uV values is
observed with the increasing concentration of the studied
surfactants (C) for a given temperature which suggests that
the solute (surfactant)–solvent interactions become stron-
ger with the C increase [18]. However, these interactions
should be different for TX114 and Tween 80 because both
the hydrophobic and hydrophilic parts of TX114 molecules
are smaller than the corresponding parts in Tween 80 (at
T = 293 K and C = 10-2 M uV = 514.43 and 1129.33 9
106 m3 mol-1 for TX114 and Tween 80, respectively).
While the hydrophobic parts of Tween 80 are all aliphatic,
this part of TX114 has an aromatic ring in the chain
[19, 20]. In addition, it is known that the oxyethylene group




















Tween 80, C =
TX114, C =
























Fig. 1 A plot of the values of
density (q) of aqueous solutions
of TX114 (curve 1) and Tween
80 (curve 2) at T = 293 K
versus the logarithm of the
concentration of surfactant, C,
as well as the values of q of
aqueous solutions of TX114 and
Tween 80 at C = 10-4, 10-3
and 10-2 M versus the
temperature, T
316 K. Szymczyk, A. Taraba
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built, can be associated with two molecules of water [21] or
that most of water molecules are mechanically trapped in
the polyoxyethylene chains of nonionic surfactants, with
5.2–10.5 water molecules per oxyethylene units [22, 23]. It
is also noted that different water species of varying strength
and coordination participate in hydration of the EO groups.
A gradual change in the hydration of the oxyethylene
groups along the chain is also observed [24, 25]. A sig-
nificant portion of water molecules present in the
headgroup region with preferred orientation was found to
be forming weak hydrogen bonds in a liquid-like state [24].
Of course, the interactions of EO groups with water can be
different for surfactant in the monomeric form and in the
micelle. In the literature, it is possible to find that the
oxyethylene units are not only restricted to the polar phase
but some of them are extended into the hydrocarbon phase
of the micelle [22] and can penetrate its hydrophobic core
[23]. It was also previously reported that in the nonionic
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Fig. 2 A plot of the values of
the partial molar volume (VM)
of aqueous solutions of TX114
(curve 1) and Tween 80
(curve 2) versus the
temperature, T



















































Fig. 3 A plot of the values of
apparent molar volume, uV, of
aqueous solutions of TX114 at
C = 2 9 10-3 (curve 1),
5 9 10-3 (curve 2), 8 9 10-3
(curve 3) and 10-2 M (curve 4)
versus the temperature, T, as
well as the values of uV of
aqueous solutions of TX114 at
T = 293 K versus the logarithm
of the concentration of TX114, C
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surfactants consisting of POE groups, the oxonium ions are
formed in the hydrophilic portion of the surfactants [26].
However, the number of ions formed is very small [22]. On
the other hand, Robson claimed that above the CMC the
micelles of surfactants like TX114 consist of a tightly
packed deep core of hydrocarbon and a hydrated POE shell
occupying the major part of the micelle volume (around
83 % of the total volume) [27].
From Figs. 3 and 4 for the studied surfactants at C higher
than 10-3 M, there is almost a linear increase in uV values
with T, which suggests significant structural changes in the
studied surfactant micelles with the increasing temperature
and/or changes in the intermolecular interactions occurring
between surfactants and water. These interactions can be
described, among others, from the values of the volume
expansivity, a, also known as the coefficient of thermal
expansion, which is a measure how the volume changes
with the temperature [18, 28]. For both surfactants, the
calculated values of a increase with the rise in T, but the
relationship between a and log C for a given surfactant and
temperature is more interesting (Fig. 5 as an example). On
the a = f(log C) curves for TX114 and Tween 80 at
T = 293 K, there are two break points—the first corre-
sponds to the values of CMC determined from the surface
tension measurements and the second is close to
C = 10-3 M. This suggests the existence of the second
value of CMC of TX114 and Tween 80 in which the micelle
structure changes and/or admicelles are changed into
micelles [28]. It is known that amphiphilic molecules gen-
erally form spherical aggregates in aqueous solutions above
the CMC, but, under certain conditions these spherical
micelles grow in size or change their shape resulting in the
formation of rodlike structures or even long flexible
micelles [29–33]. It is interesting that for both surfactants at
T = 293 K, the values of a decrease up to that of the first
CMC, then they are almost constant at C between the first
and second CMC and next grow up, especially for Tween
80. Greater values of volume expansivity for Tween 80 than
for TX114 at the concentrations higher than 10-4 M sug-
gest that the water around Tween 80 is loosely bound.
Knowing the values of a, it is possible to calculate the
thermodynamic parameters such as the Sharma parameter,
S0, and the fractional free volume, f [34, 35]. The S0 relates
the isothermal volume derivative of intermolecular con-
stant to the thermodynamic Gruneisen parameter. It is an
important parameter for investigating the physicochemical
behavior of any system which, in turn, will help understand
molecular order and intermolecular interactions in the
condensed phase [35]. As for the reports of Sharma and
Sharma and Reddy [36, 37], the value of the Sharma
constant is the one for any system, in either a liquid or solid
state. From their investigations, Sivaram and Venkat-
acharyulu [38] and Subba Rao [39] concluded that the
Sharma constant S0 is equal to 1.11 ± 0.01. On the other
hand, based on their studies they observed that in some
cases S0 assumes a lower value than the characteristic one.
This situation is found only in the close vicinity of tran-
sition temperatures when the system transits from an iso-
tropic liquid state to a mesomorphic state (nematic or






















































Fig. 4 A plot of the values of
apparent molar volume, uV, of
aqueous solutions of Tween 80
at C = 2 9 10-3 (curve 1),
5 9 10-3 (curve 2), 8 9 10-3
(curve 3) and 10-2 M (curve 4)
versus the temperature, T, as
well as the values of uV of
aqueous solutions of Tween 80
at T = 293 K versus the
logarithm of the concentration
of Tween 80, C
318 K. Szymczyk, A. Taraba
123
isotropic liquid state to a more-ordered (orientationally or
positionally) density state. Just at the transition tempera-
ture, S0 drops to the lower value than at any other tem-
perature. From the performed calculations, it results that
for the aqueous solutions of studied surfactants, the values
of Sharma parameter change significantly with the surfac-
tant concentration and temperature (Fig. 6 as an example).
Also all values of S0 are smaller than 1.11. It follows from
Fig. 7 that the values of fractional free volume, f, which
determine disorder due to the molecules mobility, also
significantly change with the concentrations of studied
surfactants (curves 1 and 2 for 293 K as an example) and
temperature. As the temperature increases the values of the
fractional free volume, f, also increase, but the highest
values of f are observed for Tween 80 at the concentrations
higher than 10-3 M and T = 318 K, which confirms that
water molecules are loosely bound around the molecules of
this surfactant.
In fact, such situation should be also reflected in the
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Fig. 5 A plot of the volume
expansivity, a, of aqueous
solutions of TX114 (curve 1)
and Tween 80 (curve 2) at
T = 293 K versus the logarithm
of the concentration of
surfactant, C, as well as the
values of a of aqueous solutions
of TX114 and Tween 80 at
C = 10-4, 10-3 and 10-2 M
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Fig. 6 A plot of the Sharma
parameter, S0, of aqueous
solutions of TX114 (curve 1)
and Tween 80 (curve 2) at
T = 293 K versus the logarithm
of the concentration of
surfactant, C, as well as the
values of S0 of aqueous
solutions of TX114 and Tween
80 at C = 10-4, 10-3 and
10-2 M versus the temperature, T
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viscosity (g) of surfactant solution is highly sensitive to
temperature changes (Fig. 8 as an example). The temper-
ature dependence of viscosity follows the Arrhenius law
[40, 41], from which the shear activation energy (Ea) can
be determined. The activation energy describes the energy
that is necessary for individual micelles motion in an
environment of surrounding micelles. Therefore, this
parameter is given by interactions between the individual
aggregates [42]. For TX114 and Tween 80, a significant
change in Ea values is observed at their concentrations in
the bulk phase higher than 10-3 M (Fig. 9); that is, for
Tween 80 these values decrease with C, in contrast to
TX114. This confirms that above C = 10-3 M water is
loosely bound to Tween 80 molecules and/or its micelles.
In the case of TX114, the situation is more complicated
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Fig. 7 A plot of the fractional
free volume, f, of aqueous
solutions of TX114 (curve 1)
and Tween 80 (curve 2) at
T = 293 K versus the logarithm
of the concentration of
surfactant, C, as well as the
values of f of aqueous solutions
of TX114 and Tween 80 at
C = 10-4, 10-3 and 10-2 M














































Fig. 8 A plot of the values of
dynamic viscosity (g) of
aqueous solutions of TX114
(curve 1) and Tween 80
(curve 2) at T = 293 K versus
the logarithm of the
concentration of surfactant, C,
as well as the values of g of
aqueous solutions of TX114 and
Tween 80 at C = 10-4,
10-3 and 10-2 M versus the
temperature, T
320 K. Szymczyk, A. Taraba
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C from 10-4 to 10-3M. This indicates different shapes and/
or sizes of the formed micelles by TX114 and different
interactions between the TX114 molecules and water.
For better explanation viscosity influence on the rate of
mass transport in the studied solutions, the activation
thermodynamic parameters, i.e., DH* (enthalpy of activa-
tion) and DCp
* (change in heat capacity of activation), were
also calculated from the relationships proposed by











It results that the calculated values of DH* for all studied
solutions are positive (Fig. 10 as an example), which
means that in the studied solutions the processes are
associated with the heat absorption. It is interesting that the
DH* values decline with temperature for all studied solu-
tions, except for those of TX114 at their concentration
higher than 2 9 10-3 M. Also only for TX114 solutions at
C[ 2 9 10-3 M, the values of DCp
* are positive and
increasing linearly with T (Fig. 11 as an example). For all
Tween 80 solutions and TX114 at C\ 2 9 10-3 M, DCp
*
values are negative and linearly decrease with T. This
indicates that the structure of TX114 micelles at high
concentrations and different temperatures dramatically
changes.
When the amphiphiles form micelles, the hydrophobic
hydration around the alkyl chain disappears and the com-
pressibility of the aggregate becomes the dominant factor.
When the aggregate forms, the released water molecules
in the vicinity of the hydrophobic part of the molecule
become bulk water. The water molecules around the
hydrophobic part are highly structured, having a rather low
compressibility compared with the bulk water. If the
amphiphile becomes longer, more conversion to bulk water
of the structured water molecules is observed, obtaining
lower compressibilities.
As mentioned above, the hydrophilic groups of TX114
and Tween 80 are strongly hydrated by water, and it is
possible that the H3O
? ions can be associated to the oxy-
ethylene groups [21, 22]. Strongly hydrated solutes are
known as kosmotropes (‘structure makers’), while weakly
hydrated ones are chaotropes (‘structure breakers’) [44].
The kosmotropicity of ions can be quantified by hydration
entropies, hydration volumes, heat capacity, ion mobility as
well as from the viscosity data according to the Jones–Dole
equation and A- and B-coefficients [45–48]. The coefficient
A accounts for the surfactant–surfactant interactions, and
B is a measure of structural modifications induced by the
surfactant–surfactant/water interactions. In the case of
nonelectrolytes, A = 0. For electrolytic solutions these
coefficients can be obtained from the plots of (gr - 1)C
-0.5
against C0.5 where gr is the relative viscosity and C is a
molar concentration. A good fit and a linear dependence of
the mentioned plots were obtained for TX114 and Tween
80 solutions only for the postmicellar region and
C[ 10-3 M (Figs. 12, 13). The coefficients A and B ob-
tained from these dependences (Fig. 14) are negative and
positive, respectively; however, the A-coefficients are























Fig. 9 A plot of the values of
shear activation energy (Ea) of
aqueous solutions of TX114
(curve 1) and Tween 80 (curve 2)
versus the logarithm of the
concentration of surfactant, C
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suggesting weak solute–solute and strong solute–solvent
interactions in these solutions. It is well known that the B-
coefficient represents solute–solvent interactions and
depends on various factors [34]. In the studied systems,
the sign of the B-coefficient can be either positive or
negative, depending upon the orientation of solvent
molecules and structural changes in the solvent around the
surfactant molecules/micelles, as well as the solvent’s
structure-breaking effects. If the decrease in viscosity due
to the structure-breaking effect is rather dominant, com-
pared with the increase in viscosity arising from orien-
tation effect of solvent molecules, then the B-coefficient
will be negative. Negative B-coefficient also denotes
water structure making, whereas the positive B-coefficient
denotes a water structure-breaking nature of surfactant
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Fig. 10 A plot of the values of
the enthalpy of activation (DH*)
of aqueous solutions of TX114
(curve 1) and Tween 80 (curve 2)
at T = 293 K versus the
logarithm of the concentration of
surfactant, C, as well as the
values of DH*of aqueous
solutions of TX114 and Tween
80 at C = 10-4, 10-3 and
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Fig. 11 A plot of the values of
the change in heat capacity of
activation (DCp
*) of aqueous
solutions of TX114 (curve 1)
and Tween 80 (curve 2) at
T = 293 K versus the logarithm
of the concentration of
surfactant, C, as well as the
values of DCp
* of aqueous
solutions of TX114 and Tween
80 at C = 10-4, 10-3 and
10-2 M versus the temperature, T
322 K. Szymczyk, A. Taraba
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B-coefficients remain positive for postmicellar regions,
which means that with the addition of surfactant the
orientation of solvent molecules becomes predominant,
but these values for Tween 80 are smaller than for
TX114. On the other hand, these changes in B-coefficient
with T are different for TX114 and Tween 80. At
T = 298 K, the B-coefficient for TX114 has the biggest
value, while for Tween 80, the smallest value of B is
found at T = 303 K.
Some authors stated that dB/dT is a better criterion for
determining any solute effect on the structure of solutions
depending on temperature. A positive dB/dT value in the
aqueous surfactant solutions points out that the solute is a







































Fig. 12 A plot of the values of
(gr - 1)C
-0.5 of aqueous
solutions of TX114 at
T = 293 K (curve 1), 298 K
(curve 2), 303 K (curve 3),
308 K (curve 4), 313 K (curve 5)



































Fig. 13 A plot of the values of
(gr - 1)C
-0.5 of aqueous
solutions of Tween 80 at
T = 293 K (curve 1), 298 K
(curve 2), 303 K (curve 3),
308 K (curve 4), 313 K (curve 5)
and 318 K (curve 6) versus C0.5
Aggregation behavior of Triton X-114 and Tween 80 at various temperatures and concentrations… 323
123
aqueous surfactant solutions indicates that the solute is a
structure maker [49]. It results from Table 1 that in the case
of TX114 aqueous solutions at C higher than 10-3 M the
structure-breaking effect becomes significant at tempera-
tures lower than 298 K. In the same range of temperatures,
the solutions of Tween 80 behave as structure maker.
Conclusions
In this paper, some physicochemical properties of aqueous
solutions of nonionic surfactants, Triton X-114 (TX114)
and Tween 80, are singled out, discussed and compared on
the basis of density and viscosity measurements. From the
presented data and calculations, it is evident that at a given
temperature surfactant–solvent (water) interactions become
stronger as increasing surfactant concentration. The values
of volume expansivity as well as Sharma parameter and
fractional free volume calculated on the basis of density
measurements confirm that water molecules are more
loosely bound around the Tween 80 molecules than
TX114. It is worth emphasizing that viscosity measure-
ments showed that the studied surfactants can behave as a
water structure breaker or maker depending on temperature
and concentration.
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